SILICON CARBIDE SEMICONDUCTOR DEVICE 



CROSS REFERENCE TO RELATED APPLICATIONS 
This application is based on and incorporates herein by 
reference Japanese Patent Application No. 2002-233722 filed on 
August 9, 2002. 

FIELD OF THE INVENTION 
The present invention relates to silicon carbide (SiC) 
semiconductor device where a facet is hindered from occurring. 

BACKGROUND OF THE INVENTION 
In JP-A-H9-172187 discloses a structure of a silicon 
carbide (SiC) substrate 200 having a trench 201, wherein a 
silicon carbide epitaxial layer 202 is formed on an inside 
surface of the trench 200. Here, in order that electric field is 
inhibited from being concentrated on side walls of the trench 
201, the substrate 200 has a main surface of a (0001) plane and 
the trench 201 has side walls of a (1-100) plane, as shown in 
FIG. 28. 

In actual manufacturing, as shown in FIGs. 29A, 29B, 
when the epitaxial layer 202 grows from the (1-100) planes 
within the trench 201, a facet is formed in a vicinity of the 
surface. A defect cannot thereby be prevented. Namely, imbedded 
epitaxial growth on a wafer having an off-axis of a <1-100> 
direction develops the (0001) facet downstream of the <1-100> 
direction. This exhibits an asymmetric cross sectional shape of 



the epitaxial layer 202 that is deposited within the trench 201, 
and causes the facet to have a rugged surface, resulting in 
being apt to develop a defect on the facet. 

When the above substrate is applied to a trench JFET, or 
5 a trench MOSFET, a facet is formed on a channel layer. This 
increases on-resistance due to lowered mobility and leak 
electric current, or varies a threshold value. 

Incidentally, (1-100) or <1-100> is equivalent to 
(0 T 00) or <0 T 00> that is usually described in an expression 
10 method for a crystallographic plane or direction. Namely, "-n" 
in an index reads " n . " 



SUMMARY OF THE INVENTION 
It is an object of the present invention to restrict 
15 formation of a facet when an epitaxial layer grows on an inside 
surface of a trench of a silicon carbide substrate. 

To achieve the above object, a silicon carbide 
semiconductor device is provided with the following. 

A silicon carbide substrate is provided as having an 
20 off-oriented {0001} surface whose off-axis direction is <ll-20> 
or <1-100> and a trench is provided as having a stripe structure 
extending toward a <ll-20> or <1-100> direction, respectively. 

This structure restricts formation of a facet when an 
epitaxial layer grows on an inside surface of the trench. 
25 Furthermore, to achieve the same object to thereby 

enable the same effect, other silicon carbide semiconductor 
devices are differently provided as follows . 
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Another silicon carbide semiconductor device is provided 
with a silicon carbide substrate that has an off-oriented {0001} 
surface whose off-axis direction is <ll-20> or <1-100> and a 
trench that has a side wall of a {1-100} or {11-20} surface, 
5 respectively. 

Another silicon carbide semiconductor device is provided 
with a silicon carbide substrate that has an off -oriented 
surface having a certain off-axis direction and a planar 
structure of a trench has sides, each of which is at an angle of 
10 80 degrees or less, favorably at 75 degrees or less, with 
respect to the certain off -axis direction. 

Another silicon carbide semiconductor device is provided 
with a silicon carbide substrate that has an off-oriented {0001} 
surface whose off-axis direction is <ll-20> or <1-100> and a 
15 trench that has a side wall of {11-20} or {1-100} surface that 
is not perpendicular to the off -axis, respectively. 

Yet another silicon carbide semiconductor device is 
provided with a silicon carbide substrate that is a hexagonal 
crystal silicon carbide substrate having a {11-20} or {1-100} 
20 main surface and a trench that has a side wall being slant at an 
angle of one degree or more with respect to a {0001} plane in a 
sectional structure. 

BRIEF DESCRIPTION OF THE DRAWINGS 
25 The above and other objects, features, and advantages of 

the present invention will become more apparent from the 
following detailed description made with reference to the 
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accompanying drawings. In the drawings: 

FIG. 1A is a plan view for explaining an Sic 
semiconductor device according to a first embodiment of the 
present invention; 
5 FIG. IB is a longitudinal sectional view taken along 

line IB - IB; 

FIG. 2 is a longitudinal sectional view of the Sic 
semiconductor device according to the first embodiment; 

FIG. 3 is a longitudinal sectional view of a trench 

10 JFET; 

FIG. 4 is a longitudinal sectional view of the Sic 
semiconductor device according to the first embodiment; 

FIG. 5A is a plan view for explaining an Sic 
semiconductor device according to a second embodiment; 
15 FIG. 5B is a longitudinal sectional view taken along 

line 5B - 5B; 

FIG. 6 is a longitudinal sectional view of the SiC 
semiconductor device according to the second embodiment; 

FIG. 7 is a longitudinal sectional view of the SiC 
2 0 semiconductor device according to the second embodiment; 

FIG. 8A is a plan view for explaining an SiC 
semiconductor device according to a third embodiment; 

FIG. 8B is a longitudinal sectional view taken along 
line 8B - 8B; 

25 FIG. 9 is a longitudinal sectional view of the SiC 

semiconductor device according to the third embodiment; 

FIG. 10A is a plan view for explaining a first 



modification of the Sic semiconductor device according to the 
third embodiment; 

FIG. 10B is a longitudinal sectional view taken along 
line 10B - 10B; 

5 FIG. 11A is a plan view for explaining a second 

modification of the Sic semiconductor device according to the 
third embodiment; 

FIG. 11B is a longitudinal sectional view taken along 
line 11B - 11B; 

10 FIG. 12 is a longitudinal sectional view of the second 

modification of the Sic semiconductor device according to the 
third embodiment; 

FIG. 13A is a plan view for explaining another 
modification of the Sic semiconductor device according to the 
15 third embodiment; 

FIG. 13B is a longitudinal sectional view taken along 
line 13B - 13B; 

FIG. 14A is a plan view for explaining an Sic 
semiconductor device according to a fourth embodiment; 
20 FIG. 14B is a longitudinal sectional view taken along 

line 14B - 14B; 

FIG. 15 is a longitudinal sectional view of the SiC 
semiconductor device according to the fourth embodiment; 

FIG. 16A is a plan view for explaining a modification of 
25 the SiC semiconductor device according to the fourth embodiment; 

FIG. 16B is a longitudinal sectional view taken along 
line 16B - 16B; 



FIG. 17A is a plan view for explaining an SiC 
semiconductor device according to a fifth embodiment; 

FIG. 17B is a longitudinal sectional view taken along 
line 17B - 17B; 

5 FIG. 18 is a longitudinal sectional view of the SiC 

semiconductor device according to the fifth embodiment; 

FIG. 19 is a graph showing occurrence probability of a 

facet; 

FIG. 20A is a plan view for explaining an SiC 
10 semiconductor device according to a sixth embodiment; 

FIG. 2 OB is a longitudinal sectional view taken along 
line 20B - 20B; 

FIG. 21 is a plan view for explaining a modification of 
the Sic semiconductor device according to the sixth embodiment; 
15 FIG. 22A is a plan view for explaining an SiC 

semiconductor device according to a seventh embodiment; 

FIG. 22B is a longitudinal sectional view taken along 
line 22B - 22B; 

FIG. 23 is a plan view for explaining a modification of 
20 the SiC semiconductor device according to the seventh 
embodiment; 

FIG. 24A is a plan view for explaining an SiC 
semiconductor device according to an eighth embodiment; 

FIG. 24B is a longitudinal sectional view taken along 
25 line 24B - 24B; 

FIG. 25 is a longitudinal sectional view of the SiC 
semiconductor device according to the eighth embodiment; 



FIG. 26A is a plan view for explaining an Sic 
semiconductor device according to a ninth embodiment; 

FIG. 26B is a longitudinal sectional view taken along 
line 26B - 26B; 

5 FIG. 27 is a longitudinal sectional view of the SiC 

semiconductor device according to the ninth embodiment; 

FIG. 28 is a longitudinal sectional view of an SiC 
semiconductor device of a related art; 

FIG. 29A is a plan view for explaining the SiC 
10 semiconductor device of the related art; and 

FIG. 29B is a longitudinal sectional view taken along 
line 29B - 29B. 



DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
15 (First embodiment) 

A first embodiment will be explained with reference to 
FIGs. 1A to IB. A silicon carbide (SiC) substrate (or wafer) 10 
has a trench 11 on it. The SiC substrate 10 has a <ll-20> off- 
oriented {0001} surface, which is a {0001} surface having an off 
2 0 angle and an off -axis direction of <ll-2 0>. The trench 11 has a 
stripe structure extending toward a <ll-20> direction. As shown 
in FIG. 2, within an inside surface of the trench 11, an SiC 
epitaxial layer 12 is formed. In detail, the SiC epitaxial layer 
12 is formed on the SiC substrate 10 including the inside 
25 surface of the trench 11. 

On the <ll-20> off-oriented SiC wafer 10, the trench 11 
is thus formed as having the stripe structure extending towards 



the <ll-20> direction, and the SiC layer 12 is formed on the Sic 
substrate 10 including the inside of the trench 11. 

Therefore, when the epitaxial layer 12 grows within the 
trench 11, no facet is formed on the (1-100) side wall of the 
5 trench 11. Preventing formation of the facet enables the (1-100) 
plane to be a channel layer. This is favorable for being applied 
to a trench JFET shown in FIG. 3. In detail, on an n + SiC 
substrate 13, an n~ epitaxial layer 14, a gate p + epitaxial layer 
15, a source n + epitaxial layer 16 are previously formed in 

10 order, and a trench 19 is then formed on the upper surface of 
the preceding layers. The trench 19 penetrates through the 
source n + epitaxial layer 16 and the gate p + epitaxial layer 15 
to reach the n" epitaxial layer 14. Within the trench 19, a 
channel n" epitaxial layer 17 and a gate p + epitaxial layer 18 

15 are formed. On the n + SiC substrate 13, a drain electrode 13a is 
formed as a back electrode. The first gate voltage is applied to 
the gate p + epitaxial layer 18, while the second gate voltage is 
applied to the gate p + epitaxial layer 15. Adjusting a voltage 
between the gate p + epitaxial layer 18 and the gate p + epitaxial 

20 layer 15 leads to controlling expansion of a depletion layer in 
the channel n" epitaxial layer 17 between the gate p + epitaxial 
layer 18 and the gate p + epitaxial layer 15. This results in 
enabling controlling an electric current that flows between the 
source and the drain (between the source n + epitaxial layer 16 

25 and the n + SiC substrate 13). Here, as explained in FIGs. 1A, 
IB, 2, the (1-100) plane can be the channel layer. 

In addition, as shown in FIG. 4, the trench 11 can be 
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imbedded with an epitaxial layer 12 (imbedded epitaxial layer 
12) as substitution of the epitaxial layer 12 shown in FIG. 2. 

As described above, using an off -oriented wafer 10, a 
trench 11 has a stripe structure extending toward an off-axis 
direction along a line Ll of FIG. 1, and an epitaxial layer 12 
is then formed on the surface of the wafer 10 including inside 
surfaces of the trench 11. Since no facet is thereby formed when 
an epitaxial layer 12 grows, side walls of the trench 11 can be 
base surfaces for a channel layer. 

(Second embodiment) 

A second embodiment is different from the first 
embodiment in an off-axis direction and an extending direction 
of a trench. Referring to FlGs. 5A, 5B, 6, the second embodiment 
will be explained below. 

An SiC substrate 20 has a <1-100> off-oriented {0001} 
surface. A trench 21 has a stripe structure extending toward a 
<1-100> direction. 

On the <1-100> off-oriented Sic wafer 20, the trench 21 
is thus formed as having the stripe structure extending towards 
the <1-100> direction, and an SiC layer 22 is formed on the Sic 
substrate 20 including the inside of the trench 21. 

Therefore, when the epitaxial layer 22 grows within the 
trench 21, no facet is formed on (11-20) side walls of the 
trench 21. Preventing formation of the facet enables the (11-20) 
plane to be a channel layer. 

In other words, selecting a <1-100> direction as an off- 
axis prevents a facet from being formed on a (11-20) plane 



having high mobility. This results in being favorable in forming 
a channel layer for an FET. 

In addition, as shown in FIG. 7, the trench 21 can be 
imbedded with an epitaxial layer 22 (imbedded epitaxial layer 
5 22) as substitution of the epitaxial layer 22 shown in FIG. 6. 

(Third embodiment) 

A third embodiment is different from the first 
embodiment in a planar structure of a trench. Referring to FIGs. 
8A, 8B f 9, the third embodiment will be explained below. 

10 An Sic substrate 30 has a <ll-20> off-oriented {0001} 

surface. A trench 31 has a regular hexagonal planar structure 
and side walls of a (1-100) plane, as shown in FIG. 8A. An SiC 
layer 32 is formed on the Sic substrate 30 including the inside 
of the trench 31, as shown in FIG. 9. 

15 Therefore, when the epitaxial layer 32 grows within the 

trench 31, no facet is formed on (1-100) side walls of the 
trench 31. Preventing formation of the facet enables the (1-100) 
plane to be a channel layer. 

Furthermore, a trench 31 can be formed as having a long 

2 0 hexagonal planar structure instead of the regular hexagonal 
planar structure, like a stripe structure. The stripe structure 
has a pair of two longitudinal sides that parallelly face to 
each other and two pairs of two short sides that form two 
triangular terminal ends. Here, each triangular terminal end is 

25 formed of two (1-100) planes that intersect to each other with 
an angle of 120 degrees. No facet is thereby formed also in the 
terminal ends of the trench 31. This enables the terminal ends 



of the trench 31, along with the longitudinal sides of the 
trench 31, to be also used as a channel layer. 

A first modification of the third embodiment will be 
explained with reference to FIGs. 10A, 10B. 

An SiC substrate 30 has a <ll-20> off-oriented {0001} 
surface. A trench 33 has a regular triangular planar structure 
and side walls of a (1-100) plane, as shown in FIGs. 10A, 10B. 
An SiC layer (not shown) is formed on the SiC substrate 30 
including the inside of the trench 33. When the epitaxial layer 
grows within the trench 33, no facet is formed on (1-100) side 
walls of the trench 31. Preventing formation of the facet 
enables the (1-100) plane to be a channel layer. 

A second modification of the third embodiment will be 
explained with reference to FIGs. 11A, 11B, 12. 

Relationship, shown in FIG. 10A, between the substrate 
3 0 and trench 33 is reversed in FIGs. 11A, 11B. Namely, an SiC 
substrate 30 has a <ll-20> off-oriented {0001} surface and a 
trench 34 having side walls of a (1-100) plane is formed between 
regular triangles, as shown in FIGs. 11A, 11B. An SiC layer 35 
is formed on the SiC substrate 30 including the inside of the 
trench 34. When the epitaxial layer 35 grows within the trench 
34, no facet is formed on (1-100) side walls of the trench 34. 
Preventing formation of the facet enables the (1-100) plane to 
be a channel layer. 

Furthermore, relationship, shown in FIG. 8A, between the 
substrate 30 and trench 31 is reversed in FIGs. 13A, 13B. 
Namely, a trench 36 having side walls of a (1-100) plane is 
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formed between hexagons, as shown in FIGs. 13A, 13B. 
(Fourth embodiment) 

A fourth embodiment is different from the third 
embodiment shown in FIG. 8A in an off-axis direction of a 
5 substrate and a plane index of side walls of a trench. Referring 
to FIGs. 14A, 14B, 15, the fourth embodiment will be explained 
below. 

An SiC substrate 40 has a <1-100> off-oriented {0001} 
surface. A trench 41 has a regular hexagonal planar structure 

10 and side walls of a (11-20) plane, as shown in FIG. 14A. An SiC 
layer 42 is formed on the SiC substrate 40 including the inside 
of the trench 41, as shown in FIG. 15. 

Therefore, when the epitaxial layer 42 grows within the 
trench 41, no facet is formed on (11-20) side walls of the 

15 trench 41. Preventing formation of the facet enables the (11-20) 
plane to be a channel layer. 

Furthermore, a trench 41 can be formed as having a long 
hexagonal planar structure instead of the regular hexagonal 
planar structure, like a stripe structure. The stripe structure 

2 0 has a pair of two longitudinal sides that parallelly face to 
each other and two pairs of two short sides that form two 
triangular terminal ends. Here, each triangular terminal end is 
formed of two (11-20) planes that intersect to each other with 
an angle of 120 degrees. No facet is thereby formed also in the 

25 terminal ends of the trench 41. This enables the terminal ends 
of the trench 41, along with the longitudinal sides of the 
trench 41, to be also used as a channel layer. 



A modification of the fourth embodiment will be 
explained with reference to FIGs . 16A, 16B. 

An Sic substrate 40 has a <1-100> off-oriented {0001} 
surface. A trench 43 has a regular triangular planar structure 
5 and side walls of a (11-20) plane. An SiC layer (not shown) is 
formed on the SiC substrate 40 including the inside of the 
trench 43. When the epitaxial layer grows within the trench 43, 
no facet is formed on (11-20) side walls of the trench 43. 
Preventing formation of the facet enables the (11-20) plane to 
10 be a channel layer. 

(Fifth embodiment) 

A fifth embodiment will be explained mainly in 
difference from the first embodiment shown in FIGs. 1A, IB, with 
reference to FIGs. 17A, 17B, 18, 19. 

15 An SiC substrate 50 has a <ll-20> off-oriented {0001} 

surface, which is a {0001} surface having an off angle and an 
off-axis direction of <ll-20>. A trench 51 has a planar 
structure of a rectangle. Each side of the rectangle is at an 
angle of 80 degrees or less, favorably 75 degrees or less, with 

20 respect to the off -axis direction. In detail, the longitudinal 
sides of the rectangle are at an angle 0i with respect to the 
off-axis direction, while the lateral sides are at an angle 6 2 
(acute angle: 0 2 = 90 - 0 X ) with respect to the off-axis 
direction. Here, both the angles Gi, 0 2 are 80 degrees or less, 

25 favorably 75 degrees or less. 

On the off-oriented SiC wafer 50, the trench 51 is thus 
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formed as having the sides at an angle of 80 degrees or less, 
favorably 75 degrees or less, with respect to the off-axis 
direction. An Sic layer 52 is then formed on the Sic substrate 
50 including the inside of the trench 51, as shown in FIG. 18. 
5 Here, whether a facet is formed on the side walls of the 

trench 51 when an epitaxial layer grows within the trench 51 
depends on an angle 0 between the off-axis and each of the sides 
of the trench 51. If the angle 9 is 75 degrees or less, no facet 
is formed. 

10 FIG. 19 shows a measured result of formation probability 

of the facet based on the angle 0. When the angle 0 is 90 
degrees, formation probability of the facet is 100%. By 
contrast, when the angle 0 is 7 5 degrees or less, formation 
probability of the facet is 0%. 

15 This indicates that all the sides of the planar 

structure of the trench 51 should be at an angle of 80 degrees 
or less, favorably 75 degrees or less, with respect to the off- 
axis of the Sic substrate 50. 

(Sixth embodiment) 

20 A sixth embodiment will be explained mainly in 

difference from the first embodiment shown in FIGs. 1A, IB, with 

reference to FIGs. 20A, 20B. 

An SiC substrate 70 has a {0001} surface having an off 

angle and an off-axis direction of <ll-20>. A trench 71 has side 
25 walls, each of which is a (11-20) plane and not perpendicular to 

the off-axis of the SiC substrate 70, as shown in FIG. 20A. 
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Pairs of mutually facing side walls come alternately near and 
away along an extending direction of the trench 71. 

On the <ll-20> off-oriented Sic wafer 70, the trench 71 
is thus formed as having the side walls of (11-20) that include 
5 no (11-20) planes perpendicular to the off-axis of the substrate 
70. Therefore, when an epitaxial layer (not shown) grows within 
the trench 71, no facet is formed. When this structure is 
applied to a device where the side walls of the trench is used 
as a channel layer, the (11-20) planes of the side walls become 
10 the channel layer, which enables obtaining high channel 
mobility. 

Furthermore, in comparison with the trench having the 
stripe structure linearly extending as shown in FIG. 1A, the 
trench 71 of this embodiment enables a greater channel width to 

15 thereby circulate a large electric current. 

As a modification of the sixth embodiment, a trench 72 
shown in FIG. 21 can be formed. The trench 72, which also have 
side walls of a (11-20) plane, has a constant width along an 
extending direction of itself. 

20 (Seventh embodiment) 

A seventh embodiment is different from the sixth 
embodiment in an off-axis direction of an Sic substrate and a 
plane index of side walls of a trench. Referring to FIGs. 22A, 
22B, the second embodiment will be explained below. 

25 An SiC substrate 80 has a {0001} surface having an off 

angle and an off-axis direction of <1-100>. A trench 81 has side 
walls, each of which is a (1-100) plane and not perpendicular to 



the off -axis of the Sic substrate 80, as shown in FIG. 22A. 
Pairs of mutually facing side walls come alternately near and 
away along an extending direction of the trench 81. 

On the <1-100> off-oriented Sic wafer 80, the trench 81 
5 is thus formed as having the side walls of (1-100) that include 
no (1-100) planes perpendicular to the off-axis of the substrate 
80. Therefore, when an epitaxial layer (not shown) grows within 
the trench 81, no facet is formed. When this structure is 
applied to a device where the side walls of the trench is used 
10 as a channel layer, the (1-100) planes of the side walls become 
the channel layer, which enables obtaining high channel 
mobility. 

Furthermore, in comparison with the trench having the 
stripe structure linearly extending as shown in FIG. 1A, the 
15 trench 81 of this embodiment enables a greater channel width to 
thereby circulate a large electric current. 

As a modification of the sixth embodiment, a trench 82 
shown in FIG. 23 can be formed. The trench 82, which also have 
side walls of a (1-100) plane, has a constant width along an 
20 extending direction of itself. 

(Eighth embodiment) 

An eight embodiment is different from the preceding 
embodiments in using an SiC substrate having no off angle. 

As shown in FIGs. 24A, 24B, an SiC substrate 90 is a 
25 hexagonal crystal SiC substrate having a {11-20} main surface 
without an off angle. A trench 91 has side walls that are slant 
with being at an angle of one degree or more with respect to a 
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(0001) plane in a sectional shape. Here, in this structure, when 
an epitaxial layer 92 grows within the trench 91, no facet is 
formed. Furthermore, when this structure is applied to a device 
where the side walls of the trench is used as a channel layer, 
5 the (0001) planes of the side walls become the channel layers, 
which enables obtaining high channel mobility. 
(Ninth embodiment) 

A ninth embodiment is different from the eighth 
embodiment in a plane index of a main surface of an Sic 

10 substrate. Referring to FIGs . 26A, 27B, the ninth embodiment 
will be explained below. 

An Sic substrate 100 is a hexagonal crystal SiC 
substrate having a {1-100} main surface without an off angle. A 
trench 101 has side walls that are slant with being at an angle 

15 of one degree or more with respect to a (0001) plane in a 
sectional shape. Here, in the above structure, when an epitaxial 
layer 102 grows within the trench 101, no facet is formed. 
Furthermore, when this structure is applied to a device where 
the side walls of the trench is used as a channel layer, the 

20 (0001) planes of the side walls become the channel layers, which 
enables obtaining high channel mobility. 

It will be obvious to those skilled in the art that 
various changes may be made in the above-described embodiments 
of the present invention. However, the scope of the present 

25 invention should be determined by the following claims. 
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